Abstract-The indentation test is widely used to determine the in situ biomechanical properties of articular cartilage. The mechanical parameters estimated from the test depend on the constitutive model adopted to analyze the data. Similar to most connective tissues, the solid matrix of cartilage displays different mechanical properties under tension and compression, termed tension-compression nonlinearity (TCN). In this study, cartilage was modeled as a porous elastic material with either a conewise linear elastic matrix with cubic symmetry or a solid matrix reinforced by a continuous fiber distribution. Both models are commonly used to describe the TCN of cartilage. The roles of each mechanical property in determining the indentation response of cartilage were identified by finite element simulation. Under constant loading, the equilibrium deformation of cartilage is mainly dependent on the compressive modulus, while the initial transient creep behavior is largely regulated by the tensile stiffness. More importantly, altering the permeability does not change the shape of the indentation creep curves, but introduces a parallel shift along the horizontal direction on a logarithmic time scale. Based on these findings, a highly efficient curve-fitting algorithm was designed, which can uniquely determine the three major mechanical properties of cartilage (compressive modulus, tensile modulus, and permeability) from a single indentation test. The new technique was tested on adult bovine knee cartilage and compared with results from the classic biphasic linear elastic curve-fitting program.
INTRODUCTION
Indentation testing is a commonly-used technique to determine the mechanical properties of articular cartilage, as it is site-specific, non-destructive, and suitable for testing of small joints with a limited amount of tissue. 5, 7, 31 To obtain mechanical properties from indentation data, a specific constitutive model has to be employed to describe the cartilage mechanical behavior, and the model response curve-fitted to the data. Due to the complexity of the boundary conditions, theoretical indentation solutions can be difficult to develop, especially for comprehensive constitutive models. 25 When cartilage is treated as linear elastic material, the Hertzian contact solution on an infinite half space is widely used, which is specifically suitable for nano-or micro-indentation tests. 24 For larger-scale indenters, Hayes solution 17 is often used since it removes the infinite half-space assumption in the Hertzian contact problem. In the early 1980s, Mow and coworkers 32 developed a porous elastic model for articular cartilage. An indentation solution was also developed based on the theory. 28 Using this theoretical solution, a curve-fitting algorithm was established that can simultaneously determine the Young's modulus, shear modulus, and permeability of the cartilage from a single indentation creep curve. 30 Besides these closed-form solutions, many other linear, numerical solutions for cartilage indentation have been developed to account for the variety of experimental parameters, such as the geometry of the indenter tip and the loading profile. 2, 6, 14, 16, 38 All of these linear solutions have been widely-used to extract the biomechanical properties of cartilage from indentation tests. 4, 6, 9, 22, 26, 36 However, the mechanical behavior of the cartilage's solid matrix itself is nonlinear and strain-dependent due to the nature of the collagen networks and trapped proteoglycans. In particular, the tensile modulus of cartilage is found to be an order of magnitude higher than the compressive modulus. 8, 19 A few TCN constitutive models have been proposed to account for this, including a conewise linear elastic (CLE) model with cubic symmetry and several fibril reinforced models. 13, 37, 43 Simulations based on these models show that the prominent nonlinearity in the stress-strain relationship of the solid matrix regulates the flowdependent viscosity and is therefore an essential characteristic of the transient mechanical behavior. 34, 43 A few recent studies have analyzed indentation or nanoindentation tests using these nonlinear constitutive models. 15, 29, 39 However, since these nonlinear models typically contain multiple parameters, determination of all the relevant cartilage properties by curve-fitting a single indentation curve is often complicated by overfitting, local minima, and multiple solutions. 20 For instance, to avoid local minima, multiple optimizations are often performed with different initial guess of the tissue properties. However, little knowledge is available about the different roles of each individual mechanical properties in shaping the creep behavior of cartilage, or whether these features can benefit or accelerate the curve-fitting algorithm. Indeed, no strategies are currently available that can uniquely determine the tensile and compressive properties of cartilage based on a single indentation test.
In this study, a highly efficient technique was developed to determine the nonlinear biphasic properties of cartilage from a single indentation creep test. First, the roles of the three key individual properties (compressive modulus E, permeability k, and fiber modulus n) in the indentation response of cartilage were analyzed and identified. Second, an optimization algorithm was designed based on these findings, which can simultaneously and uniquely determine the three properties by fitting a single indentation curve. This new algorithm was then applied to analyze experimental data from adult bovine knee cartilage. The results were validated by comparison with the classical biphasic linear elastic program.
MATERIALS AND METHODS

Indentation Test
Seventeen cartilage-bone blocks, with intact cartilage surface, were harvested from the trochlear groove of two skeletally mature (18 months old) bovine knee joints, in a region where the articular surface has relatively small curvature. Indentation testing was performed as described previously. 5, 26 In brief, samples were submerged in PBS supplemented with protease inhibitors and tested on an indentation device equipped with a rigid, porous, flat-ended cylindrical indenter tip (/ = 2.1 mm). A 20 mN tare load was first applied for 0.5 h to ensure full contact between the indenter and cartilage surface. Then a 200 mN step load was applied and maintained for another 2 h or until the creep deformation reached equilibrium. The cartilage thickness at the testing spot was later measured using the needle penetration method. 30 
Simulation with Nonlinear Constitutive Models
In the numerical simulations, the cartilage is modeled as a biphasic material with a tension-compression nonlinear solid matrix, which is treated as a compressible isotropic neo-Hookean ground matrix reinforced with fibers. The fibers can only sustain tensile stress, therefore the compressive modulus of the material is defined to be the Young's modulus of the neo-Hookean background at small strain. 43 The permeability is also a property of the neo-Hookean solid matrix. When the fibers are organized in three orthogonal directions, this constitutive model displays mechanical behaviors similar to a CLE material with cubic symmetry and henceforth is referred to as the CLE model. Based on earlier experimental results, 8 the strain energy density function of the fiber bundles is defined as 
and the Cauchy stress of the fiber is given by
where
In these equations, N is the unit vector in the fiber direction, C is the right Cauchy-Green deformation tensor, k n is the stretch ratio, F is the deformation gradient, J is the Jacobian of the deformation, and H is a Heaviside function used to ensure zero resistance of the fibers under compression. The parameter n is nonlinearly correlated with the fiber stiffness, and is referred to as the fiber modulus in this model. Constants a and b are set to 0 and 2 to render an almost linear stress-strain relationship at small strains, 3 in which case the tissue tensile modulus E f in the fiber direction can be written as
ð5Þ Alternatively, a number of studies assume the fibers are continuously distributed, known as a continuous fiber distribution (CFD) model. In this case, the strain energy density function of the fibers is still given by Eq. (1), while the Cauchy stress is integrated over all possible fiber directions. 
ZZ
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Here, u and h are the spherical angles of the fiber orientation in the local coordinate system.
In this study, the hydraulic permeability of the cartilage is assumed to be constant, homogeneous, and isotropic. Poisson's ratio of the neo-Hookean ground matrix is assumed to be 0 as suggested in the literature. 8, 37 Two 3D FE models for the indentation creep test were built in FEBio 2.0, 27 based on the biphasic CLE and CFD models respectively. Taking advantage of the axisymmetric nature of the indentation test, a 1°w edge of the cartilage and indenter (modeled as rigid) was analyzed with symmetry boundary conditions applied on the circumferential faces. The other boundary conditions are defined to be consistent with the actual experimental conditions (Fig. 1 ). The FE mesh was biased in order to capture the rapid variation of the strain field and fluid pressure near the cartilageindenter interface. A mesh convergence study was performed and the resulting mesh contained 2627 nodes and 1250 elements, including 1225 HEX8 type and 25 PENTA6 type elements. In the FE simulation, a constant force is applied on the indenter as a Heaviside function, and the displacement of indenter tip is calculated to generate the creep deformation curve. The results of the FE program serve as the basis for the curve-fitting technique to determine the mechanical properties from the indentation experiments.
Optimization Algorithm
As an initial step toward developing the curve-fit algorithm, the FE models were used to perform parametric studies to identify the effect of individual mechanical properties on the indentation creep deformation. Each of the three key parameters (compressive modulus E, permeability k, and fiber modulus n) was varied within the physiological range while keeping the other two constant. Results based on the biphasic CLE model are plotted over time on a logarithmic scale in Fig. 3 . The CFD model displayed the same trends (results not shown). The compressive modulus E has a significant effect on the equilibrium deformation ( Fig. 3a) , while the fiber modulus mainly regulates the transient deformation in the early portion of the curve (Fig. 3c) . Varying the permeability does not change the overall slope of the curve or the equilibrium deformation, but shifts the deformation curve along the time axis (Fig. 3b) .
In light of these observations, three defining characteristics of the creep curve are identified ( Fig. 2a) : the equilibrium deformation l, the deformation ratio c, and the half deformation time s. Equilibrium deformation l is the deformation at steady state. The deformation ratio c represents the ratio between the FIGURE 1. A one-degree wedge of cartilage and indenter is meshed and analyzed based on the axial symmetric nature of indentation tests. The bottom of the cartilage is impermeable and fixed in all directions to mimic the cartilage-bone interface. Deformation of the contact surface is associated with the movement of the indenter tip, and the fluid pressure is set to be zero (porous indenter). U x,y,z represents the displacement in x, y, and z directions, respectively, and P is the fluid pressure.
initial jump and equilibrium deformation, where the initial jump equals the indenter displacement at 5 s after the onset of loading. Half deformation time s is the time at which the deformation reaches the halfway point between the initial jump and equilibrium deformation, and is an indication of the tissue viscosity. The correlations between these parameters (i.e., l, c, and s) and the three mechanical properties (i.e., E, k, n) were calculated and plotted in Figs. 3d-3f. Both the fiber modulus and compressive modulus are negatively correlated with the tissue equilibrium deformation, and they have opposite effects on the deformation ratio (Figs. 3d and 3f) . The permeability is positively correlated with the deformation ratio and negatively correlated with the half deformation time (Fig. 3e) .
In order to determine the individual mechanical properties (E, k, and n) from a single indentation experiment, the FE prediction is curve-fitted to the experimental creep curve. First, a fiber modulus n at the middle of the search range, which is set to be 0-5 MPa for CLE model and 0-2 MPa for CFD model based on previous studies, 3, 41 is selected as the starting value. The equilibrium deformation l is a function of both the compressive modulus E and fiber modulus n, but not the permeability k. When n is fixed, l decreases monotonically with increasing E (Fig. 3d) ,
Therefore, a value for E corresponding to the assumed n can quickly be determined using a binary search based on l. Next, a similar process is used to find the appropriate value of k corresponding to the assumed value of n. According to Fig. 3e , an increase in the permeability k shifts the creep curve to the left with no effect on the equilibrium deformation, @s @k
Thus k can also be determined using a binary search based on the half deformation time s.
What remains is to check the accuracy of the assumed magnitude of n, which can be done by considering the remaining parameter of the creep curve, the deformation ratio c. With fixed values of E and k, variations in n significantly change the initial jump (Fig. 3c) , which in turn affects the deformation ratio c. When l and s are fixed, n is found to be monotonically related to the deformation ratio c (Fig. 2b) . Thus another binary search can be used to find the value of n corresponding the experimental determined l and s, @c @n
This updated value of n is then used as the new starting value, and the entire process is repeated. The overall curve-fitting strategy is a two-level embedded binary search as illustrated in Fig. 4 . At the lower level, the compressive modulus and permeability are searched sequentially to match the equilibrium deformation and half deformation time for an assumed fiber modulus n. At the higher level, n is optimized to match the deformation ratio of the creep curve. Since the calculation of the equilibrium deformation is merely a static mechanics problem with no time dependent integration, the computational cost of this step is negligible. Moreover, all three parameters are determined using a binary search algorithm. The running time of the algorithm is O(log 2 n), where n is the number of partitions in the search range. Therefore, the optimization strategy runs efficiently and avoids the possible optimization complications of multiple solutions and local minima. The optimization program is implemented in MATLAB 2013a (The MathWorks Inc.), where indentation creep simulations are handled by calling the FEBio program for each iteration. The error tolerance in the optimization was chosen as 0.5%. The creep data from the indentation tests on bovine cartilage have been analyzed using both CLE and CFD models, and the accuracy of the fit is measured by
where f i and y i are the ith simulation and ith experimental data point, respectively, and y is the mean of y. The corresponding mechanical properties in the CLE and CFD models are correlated using a linear regression test, and they were also compared with those given by the classic curve-fitting program based on the BLE model. 5, 30 The aggregate moduli, which is defined as the modulus under confined compression (=k + 2l, k and l are Lame constants), and permeability from the three models were compared by oneway ANOVA with Tukey's post hoc test (p < 0.05) on repeated measures.
RESULTS
A typical experimental indentation creep curve fitted by the optimization technique using both biphasic CLE and CFD models, as well as the classical BLE curve fitting program, are shown in Fig. 5a . The CLE and CFD models generate nearly overlapping curves that match the experiments well over the entire time domain. The BLE fits the equilibrium deformation accurately, but not the short-term transient response since it is based on the elastic Hayes solution. In the actual experiment, immediately after the step loading, the cartilage behaves like an incompressible material, due to the interstitial fluid pressurization. 34 Thus the compressive deformation in the loading direction has to be associated with tissue expansion in the radial direction. However, the relatively high tensile stiffness of the tissue provides resistance to this radial expansion, which in turn constrains the initial axial deformation. The high tensile stiffness featured in the CLE and CFD models allows these models to capture this short-term response and significantly improves the curve-fitting accuracy by reducing the initial jump. The average R 2 value of the fitted curves is 0.988 ± 0.014 for the CLE model, 0.988 ± 0.013 for the CFD model, and 0.781 ± 0.082 for the BLE model. To determine the three mechanical properties using an experimental creep curve,~600 s computing time is required on a personal computer (Intel i5 3rd generation processor, 4 cores @ 3.4 GHz, and 16 GB memory). A typical optimization process is plotted in Fig. 5b , which shows that four iterations may be enough to obtain a satisfactory fit to the fiber modulus n.
For each creep curve,~36 iterations are required during the optimization to obtain the mechanical properties in the biphasic CLE model. In contrast, optimization using the Nelder-Mead simplex method takes 100-300 iterations to determine a set of mechanical properties, and the success of the optimization is dependent on the initial guess of properties. The mechanical properties determined from the curve-fits using the three different constitutive models are listed in Table 1 . The aggregate moduli were 0.438 ± 0.253, 0.415 ± 0.248, and 0.451 ± 0.228 MPa for the CLE, CFD, and BLE models, respectively. One-way ANOVA shows that all three models differ from each other and the BLE model generates the highest compressive modulus, which is expected as the BLE model lumps the effect of the high tensile stiffness into the aggregate modulus and therefore increases the calculated value of the compressive modulus. The compressive moduli from the two nonlinear models are linearly correlated with each other, with a correlation coefficient R of 0.99 (Fig. 6a) . The slope of the linear fit is 1.02, and the offset is 0.01 MPa. The aggregate moduli from both nonlinear models are highly correlated with those from the BLE model (r > 0.99) (Fig. 7a) .
The permeability determined from the curve-fits is 5.597 ± 3.559 9 10 215 , 5.041 ± 2.154 9 10
215
, and 4.626 ± 2.322 9 10 215 m 4 /(Ns) for the CLE, CFD and BLE models, respectively. A significant difference is only detected between the CLE and BLE models (p = 0.007). Similar to the aggregate moduli, the permeability values from the three models are highly correlated with each other in a linear relationship (r > 0.96) (Figs. 6b, 7b) . As the fiber moduli in the two nonlinear models have different physical meanings, their magnitudes are not comparable with each other, but nevertheless they are linearly correlated (r = 0.98) (Fig. 6c) .
To evaluate the effect of different Poisson's ratios on the outcome of our curve-fitting program, a parametric study was performed by varying the Poisson's ratio from 0 to 0.45 (Fig. 8) . Over this range, the R-squared value of the curve-fitting varies from 0.996 to 0.998, indicating that the assigned magnitude of Poisson's ratio has little effect on the goodness of curve-fit. When the Poisson's ratio is varied from 0 to 0.15, the calculated permeability and fiber modulus change 5 and 7%, respectively, and the aggregate modulus increases by 1%.
DISCUSSION
In the present study, the uniqueness of the curve-fit is a result of the distinct role that each of the three mechanical properties plays in shaping the simulated creep curve. The monotonic correlations between the curve characteristics and the mechanical properties shown in the parametric studies (Figs. 2 and 3) contribute to this uniqueness and improve the efficiency of optimization. An essential observation that makes this curve-fitting technique viable is that variation in the permeability only shifts the half deformation time of the simulated creep curve along the logarithmic time scale. The same phenomenon has been noted previously and served as an important constraint in the indentation curve-fitting program based on the BLE model. 30 Our current study shows that this useful phenomenon is retained when tension-compression nonlinearity is incorporated into the constitutive law. Moreover, the permeability values determined from the curve-fitting based on the BLE and CFD models (Table 1 ) displayed no statistical difference, which implies that the permeability in linear and nonlinear models may play similar, if not identical, roles in controlling the cartilage response under indentation.
The compressive moduli from the two nonlinear models are highly correlated with the modulus from the classic BLE model (r > 0.998), which helps confirm the accuracy of the FE program and the curve-fitting strategy. The determined mechanical properties of the bovine trochlear groove cartilage are consistent with other experimental measurements as well, 42 which showed the aggregate modulus and the permeability to be 0.37 ± 0.02 MPa and~10 215 m 4 /(Ns) respectively.
In addition, the aggregate moduli from the CLE and CFD models are linearly correlated to each other with a slope close to 1, which confirms that the compressive modulus in the two nonlinear models are comparable with each other. It should be noted that the tensile parameters in the two models have very different physical meanings. The fiber modulus n is correlated nonlinearly with the tensile modulus of the cartilage measured in the experiments, which itself is strain-dependent. 3, 44 According to the correlation in Eq. (5), the CLE model gives an approximate tensile modulus of 6 MPa in this study, which is consistent with the physiological range of adult bovine knee cartilage. 37, 41 However, the tensile modulus of the superficial tangential zone in cartilage has been shown to be approximately 2 times higher than that in the middle-deep zone. 19 Since the deformation field in cartilage under large-scale indentation is heterogeneous, with higher tensile strains in the superficial layer, the tensile property determined by indentation could be affected more by the superficial tangential zone rather than the deep zone cartilage. The fiber modulus n in the CFD model has an implicit correlation with the engineering tensile modulus. Due to the continuous angular distribution of fibers, unidirectional tension will induce different levels of stretching among the fibers oriented in different directions. Therefore, the fiber modulus n has drastically different physical meaning in two models, and should only be compared directly with the values obtained from the same model as indicated previously. 3 For healthy hyaline cartilage, the CFD model has been shown to explain the observed tissue behaviors, especially the strain-dependent Poisson's ratio, better than the CLE model. 3 Consequently, the CLE model is more suited for some fibrous cartilage tissues with collagen fibers uniformly aligned in one or two directions, such as meniscus, 23 the superficial zone of cartilage 35 and some fibrous cartilage. 1, 11 The effective compressive Poisson's ratio of cartilage, measured directly by optical techniques, 8, 12, 21, 40 is inherently small for a tension-compression nonlinear material, because the high tensile modulus confines the expansion of the tissue in the lateral direction. Since the tensile modulus is nonlinearly strain-dependent, the measured Poisson's ratio demonstrates a similar trend. 3, 8 Poisson's ratio is higher at small compressive strains and sharply decreases to a value close to zero (~0.03) as the compressive strain becomes higher than 4%. 8 The Poisson's ratio used in both the CLE and CFD models, however, is assigned to the non-fibril ground matrix. Therefore the value chosen should be slightly higher than the tissue's effective Poisson's ratio. 44 As there is no existing measurement of this parameter, it has been assumed to be somewhere between 0 and 0.15 in literature. 29, 37, 44 Since Poisson's ratio decreases significantly from the deep zone to the superficial zone of cartilage 40 and the indentation response of cartilage is primarily regulated by the top layer, its value was fixed at 0 for this study.
A number of limitations in this study should be noted. First, the two nonlinear constitutive models employed are based on the continuum assumption, i.e., the basic assumption of porous elastic theory, which assumes there is a mixture of solid and fluid phases in any infinitesimal small volume. Since commercial nano-indenters recently became readily available, nano-indentation has been widely used for the characterization of cartilage. 16, 24, 33 When the indenter size is on the same scale as collagen fibrils or chondrocytes, 10 the continuum assumption is no longer valid, and the technique developed here is therefore not suitable for estimation of mechanical properties at the nano-scale. Secondly, articular cartilage has a much more complicated structure than that described by the two nonlinear models here. For example, the collagen fibers are organized heterogeneously across the cartilage, mainly aligned in the horizontal directions in the superficial zone and vertically in the deep zone. The hydraulic permeability is anisotropic and nonlinearly dependent on the dilatation of the solid matrix. In addition, the osmotic pressure induced by negatively charged proteoglycans contributes to the compressive stiffness. None of these is accounted for in the two tension-compression nonlinear models. Therefore, although the two current models can describe the overall transient mechanical behaviors of cartilage better than the linear isotropic theory, they represent simplifications of the real structure of the tissue. To quantify the predictive capability of the two nonlinear models, an initial analysis has been performed to verify whether the properties obtained from the curve-fitting can be used to predict the indentation response at a different level of load. The detailed methods and results are presented in the supplementary information. A thorough investigation of the predictive capability of the two constitutive models under various testing profiles represents an important future direction of this study. Furthermore, the intrinsic viscosity of solid matrix, which is a key factor regulating the short-term response of cartilage, 18 is not considered in the two constitutive models. As the contribution of the intrinsic viscosity is lumped into the elastic properties of solid matrix, the tensile moduli determined using the CLE and CFD models may be an overestimation of the actual values. Thirdly, the tensile modulus in the nonlinear model can significantly affect the initial deformation or ''jump'' of the creep curve. To be consistent, we defined this ''jump'' at a specific time after the step loading. A parametric study showed that any time in the range of 1-15 s gave identical curvefitting results. This selection disappears if a ramp loading is employed, in which case the initial jump can be defined as the deformation at the end of the loading phase.
In summary, a highly-efficient curve-fitting technique was developed which can uniquely and simultaneously determine the tensile modulus, compressive modulus and permeability of cartilage based on a single indentation test. Moreover, in light of the finite element analysis, the new curve-fitting program was built to be applied for various experimental profiles. For example, the loading profile could be step loading, ramp loading or some other loading function. In addition, the type of indenter tip, porous or impermeable, is also an adjustable parameter. The curvefitting program will be available for free download in the FEBio forum and on our laboratory website.
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